Abstract Spinal cord injury is associated with rapid bone loss and arrested long bone growth due to mechanisms that are poorly understood. In this study, we sought to determine the effects of severe T10 contusion spinal cord injury on the sublesional bone microenvironment in adolescent rats. A severe lower thoracic (vertebral T10) spinal cord injury was generated by weight drop (10 g×50 mm). Severely injured and body weight-matched uninjured male Sprague-Dawley rats were studied. At 3 and 5 days post-injury, we performed histological analysis of the distal femoral metaphysis, TUNEL assay, immunohistochemistry, realtime PCR, and western blot analysis compared to uninjured controls. We observed severe hindlimb functional deficits typical of this model. We detected uncoupled remodeling with increased osteoclast activity in the absence of osteoblast activity. We detected osteoblast, osteocyte, and chondrocyte apoptosis with suppressed osteoblast and chondrocyte proliferation and growth plate arrest due to spinal cord injury. We also detected altered gene expression in both whole bone extracts and bone marrow monocytes following spinal cord injury. We conclude that spinal cord injury results in altered gene expression of key regulators of osteoblast and chondrocyte activity. This leads to premature cellular apoptosis, suppressed cellular proliferation, growth plate arrest, and uncoupled bone remodeling in sublesional bone with unopposed osteoclastic resorption.
Introduction
Spinal cord injury (SCI) alters bone metabolism of the paralyzed limbs leading to osteoporosis and increased fracture risk. Studies indicate that 100% of individuals with SCI develop osteoporosis below the level of the injury [1] . This bone loss leads to fractures in up to 50% of individuals with complete SCI, with the most common occurrence at the metaphyses of the proximal tibia and distal femur [2] [3] [4] [5] [6] [7] [8] . In many cases, fractures are discovered after minimal trauma and are most commonly treated with bed rest and bracing. The combination of the injury and this treatment results in prolonged immobility, worsening disability, and serious medical complications including fracture non-union [9] [10] [11] and amputation [12, 13] . Long bone growth arrest [14, 15] has also been reported following SCI in children.
We recently reported growth plate abnormalities with chondrocyte disorganization at 10 days post-injury [16] . We also reported decreased bone formation and a mineralization defect in rats with severe SCI compared to the uninjured controls. Based on studies of markers of bone turnover in humans, it is known that spinal cord injury causes immediate suppression of bone formation [17, 18] with increased osteoclastic resorption resulting in uncoupled bone remodeling. The mechanisms responsible for osteoclast activation with osteoblast suppression remain poorly defined. There are few reports in the literature that examine cellular activity within the bone microenvironment following SCI. The immediate effects (within 3-5 days) of spinal cord injury on cellular activities at the osteochondrous junction are currently unknown. We hypothesized that SCI would result in early osteocyte and chondrocyte apoptosis leading to the profound growth plate abnormalities and bone loss previously observed at 10 days post-injury [16] .
Methods

Animals and SCI
Adolescent male Sprague-Dawley (SD) rats (7 weeks old ) (200-225 g) were anesthetized with i.p. ketamine (87 mg/ kg) and xylazine (13 mg/kg). A severe T10 contusion injury was produced utilizing the New York University (NYU) SCI impactor (10 g×50 mm) and we used the Basso, Beattie, Bresnahan (BBB) scale to confirm injury severity by rating hindlimb functional deficits on day 2 post-injury as previously described [16] . All injured animals demonstrated absence of motor function in the lower extremities. The control group consisted of uninjured, age-matched male Sprague-Dawley rats. A total of 11 animals were studied (control n=4, day 3 n=3, day 5 n=4). Animals were euthanized on day 3 or 5 post-injury for subsequent analyses. The Institutional Animal Care and Use Committee at the Forsyth Institute approved all animal procedures.
Histology
Osteoclast, osteoblast, osteocyte, and chondrocyte numbers were studied in decalcified bone sections through the distal femoral metaphysis at 3 and 5 days post-injury and compared to uninjured controls. Femora with a small amount of adherent soft tissue were fixed in cold 4% paraformaldehyde, decalcified in cold 14% EDTA, embedded in paraffin, sectioned at 5 μ and placed on charged slides (Manco Inc., Avon, OH). Sections were stained with hematoxylin and eosin (H and E) for cellular identification (n=3 section/animal and 3-4 animals/condition). Adjacent sections were stained with Goldner's Trichrome method for osteoblast identification or TRAP for mature osteoclast identification. Sections were analyzed under bright field microscopy (Axiovert; Carl Zeiss), and images were captured with a CCD camera (AxioCam MRc; Carl Zeiss). Osteoblasts were counted as cuboidal cells lining the trabecular bone surface and osteoclasts were counted as TRAP-positive multinucleated cells in the same region. Trabecular osteocytes were counted and reported as mean per high power field±SD. Proliferating and hypertrophic chondrocytes were counted per column and the growth plate width was determined. For growth plate width, two measurements were taken per section midway between the notch of the femoral condyle and the cortical edge using ImageJ software. All analyses were performed blinded by two independent individuals. Results are reported as average number of cells per column±SD or width in millimeters±SD.
Isolation of Rat Bone Marrow Monocytes
Bone marrow cells were obtained from the femora of rats at 3 and 5 days post-injury and uninjured controls. The femora were dissected and flushed with alpha-MEM supplemented with 10% fetal bovine serum (FBS). The isolated bone marrow monocytes were centrifuged at 2,000 RPM for 5 min and the pellet was resuspending in TRIZOL for RNA preparation.
Assessment of Chondrocyte Apoptosis by TUNEL Assay
TUNEL staining was performed on 5 mm deparaffinized bone sections through the distal femoral metaphysis using an in situ apoptosis kit (Roche) according to the manufacturer's instructions. Negative controls were generated on adjacent sections by omitting TdT in the labeling solution. To preserve hypertrophic chondrocytes in the samples, sections were mounted on charged slides and then placed on a warming table at 55°C overnight. The slides were then heated at 60°C for 2 h prior to use. To visualize regions of bone and cartilage, Fast Green staining was also performed by standard histological methods. Sections were analyzed under bright field microscopy (Leica DMLS), and images were captured with a Leica DC 100 camera. To quantify apoptosis, positive cells per image (n=3 high powered field/section and 3-4 animals/condition) were counted by two independent individuals in a blinded fashion. Results are reported as average number of positive cells±SD.
Immunohistochemical Analysis of Osteocyte and Osteoblast Apoptosis by Caspase-3 Activation
Adjacent sections were stained for cleaved Caspase-3 (Cell Signaling Technology #9661, dilution 1:800) using the ABC method and visualized by light microscopy. Prior to primary antibody incubation slides were incubated in Retrieve-All Antigen Unmasking Solution (Signet) for 10 min at 90°C. Positive cells were counted and reported as mean per high power field±SD. All counts were performed by two independent individuals in a blinded fashion.
In Situ Cell Proliferation Cellular proliferation was studied in decalcified femoral bone sections. Rats were injected with 50 mg/kg of 5-bromo-2-deoxyuridine (BrdU) solution 2 and 16 h prior to sacrifice. Femurs were excised and processed for histology as described above. Sections were stained with a mouse monoclonal anti-BrdU antibody (Sigma Aldrich B 8434, dilution 1:500) detected with the AEC chromagen kit (Sigma Aldrich, Stock Number AEC101) according to the manufacturer's instructions, counter stained with Mayer's hematoxylin solution (Sigma Aldrich, Catalogue Number MHS) for cellular identification, and visualized by light microscopy. Positive cells were counted and reported as mean per high power field±SD. All counts were performed by two independent individuals in a blinded fashion.
Western Blot Analysis
The distal femoral metaphyses of uninjured controls (n=3) and severely injured rats (day 3 n=3 and day 5 n=3) were resected, flash frozen in liquid nitrogen, and homogenized by hand in 1× RIPA buffer (Cell Signaling Technology) supplemented with 1 mM phenylmethylsulphonyl fluoride (PMSF) and protease inhibitor cocktail (Sigma). Protein lysates were then diluted 1:1 in Novex® Tris-Glycine SDS sample buffer (2×) (Invitrogen) and equivalent amounts of protein were loaded onto Novex Tris-Glycine SDS gels (Invitrogen), electrophoresed and transferred to nylon membranes following the manufacturer's instructions. After blocking, membranes were incubated overnight at 4°C with the following primary antibodies (Cell Signaling Technology): cleaved caspase-3 (#9661), cleaved caspase-7 (#9491), and B-actin (#4970), washed to remove unbound antibody, and incubated with secondary antibody for 1 h at room temperature. Chemiluminescent signal was detected using the LUMIGLO reagents A and B (Cell Signaling Technology #7003) following the manufacturer's instructions. Blots were then exposed to X-ray film. The cleaved caspase-3 antibody detects a 17/19-kDa cleavage product. The cleaved caspase-7 antibody detects a 20-kDa cleavage product. The B-actin antibody detects total B-actin at 45 kDa.
Real-time PCR Analysis
We assessed the impact of SCI on genes controlling osteoblast (Runx2) and chrondrocyte (Indian hedgehog, Ihh) differentiation. Real-time reverse transcriptionpolymerase chain reaction (RT-PCR) was performed using the DyNAmo SYBR Green qPCR Kit according to the manufacturer's instructions (Finnzymes, Espoo, Finland) in a 24-μl reaction volume containing 1 μl of a 1:4 dilution of first-strand reaction product and 1 μl of 10 μM genespecific upstream and downstream primers mixture. Amplification and analysis of cDNA fragments was carried out using a 7,300 real-time PCR system (ABI, Foster City, CA). Cycling conditions were as follows: initial denaturation at 95°C for 10 min followed by 40 cycles consisting of a 15-s denaturation interval at 95°C and a 1 min annealing and extension interval at 60°C. Amplification of rat β-actin mRNA, the housekeeping gene, was used as an endogenous control to normalize results.
Statistical Analysis
For each outcome, an analysis of variance was performed to compare means among the experimental groups and to account for assays conducted in separate bone sections in the same animal (PROC MIXED; SAS, version 9.2; SAS Institute; Cary, NC). A Tukey test was used to adjust for multiple comparisons.
Results
Osteocyte Apoptosis and Uncoupled Remodeling in Sublesional Bone Following SCI At 5 days post-injury, we detected a 37% reduction in osteocyte numbers in trabecular bone at the distal femoral metaphysis (Table 1 and Fig. 1 ) compared to uninjured controls. This corresponded to a 47% increase in caspase-3 positive osteocytes in the same region. In the uninjured animals, osteoclasts were seen in close proximity to osteoblasts along the trabecular bone surface, indicating (normal) coupled remodeling. At 5 days after injury, osteoclasts were seen lining the bone surface in the absence of osteoblasts, indicating uncoupled remodeling (Fig. 2) . We detected a 257% increase in mature osteoclast numbers in trabecular bone at the distal femoral metaphysis at day 5 compared to uninjured controls. This corresponded to a 65% reduction in osteoblast numbers and a 75% decrease in osteoblast proliferation in the same region (Fig. 3, top  panel) . There was a 520% increase in cleaved caspase-3 positive osteoblasts at 5 days post-injury (Fig. 3, bottom  panel) . We detected an increase in cleaved caspase-3 (17/ 19 kDa cleavage product) and cleaved caspase-7 (20 kDa cleavage product) by Western blot analysis of protein samples derived from the distal femoral metaphysis at days 3 and 5 compared to uninjured controls (Fig. 4) .
Decreased Growth Plate Width with Loss of Hypertrophic and Proliferating Chondrocytes Following SCI
H and E staining of adjacent sections through the chondroosseous junction at the distal femur (Table 1 ) demonstrated a 51% reduction in the number of hypertrophic chondrocytes per column at day 5 compared to uninjured controls. There were 12.5% fewer proliferating chondrocytes at day 3 and 30% fewer BrdU positive cells at day 5. This loss of chondrocyte number resulted in a 31% reduction in growth plate width (Fig. 5 top) by 3 days post-injury that persisted at 5 days post-injury.
Accelerated Chondrocyte Apoptosis at the Femoral Growth Plate Following SCI
Staining of adjacent sections through the chondro-osseous junction at the distal femur (Fig. 5 bottom) demonstrated a dramatic increase in the number of TUNEL positive chondrocytes per column. At 3 days, there was a 511% increase and at 5 days there was a 2,459% increase in TUNEL positive hypertrophic chondrocytes compared to the uninjured controls. At 3 days, there was a 1,219% increase, and at 5 days, there was a 2,714% increase in TUNEL positive proliferating chondrocytes compared to the uninjured controls.
Altered Gene Expression in the Distal Femur Following SCI
Gene expression for both Runx2 (Fig. 6 top) and Indian hedgehog (Ihh, Fig. 6 bottom) was reduced in bone marrow monocytes at 3 and 5 days post-injury compared to uninjured controls.
Discussion
In the current study, we assessed the impact of SCI on cellular activities at the chondro-osseus junction in rats. We report immediate osteocyte apoptosis in sublesional bone following SCI. This was followed by uncoupled bone remodeling with increased osteoclast numbers and decreased osteoblast numbers at 5 days post-injury. Osteoblast suppression was due to both inhibited proliferation and accelerated apoptosis. We also report fewer chondrocytes per column, reduced growth plate width, accelerated chondrocyte apoptosis, and suppressed chondrocyte proliferation with reduced Indian Hedge Hog gene expression due to SCI. Normally, bone formation is tightly coupled to bone resorption. In SCI, bone remodeling becomes uncoupled with an initial decrease in bone formation and steadily increasing bone resorption [19] . In humans, bone formation rates normalize after 2 weeks post-injury; however, this immediate uncoupling leads to a 4% per month reduction in sublesional (below the neurologic level of injury) trabecular bone mineral content with a 40% reduction of sublesional BMD by 2 years post-injury [2] . We report immediate suppression of Runx2 expression in bone marrow monocytes. Runx2 is a master gene for osteoblast differentiation and activity. Our results therefore indicate suppression of osteoblastic differentiation due to spinal cord injury. In addition to this, suppressed osteoblast proliferation and viability contribute to the loss of osteoblasts in the sublesional trabecular bone and the resulting uncoupled remodeling. The physiologic signals that trigger uncoupled remodeling are poorly understood. Because we detect osteocyte apoptosis prior to osteoclast recruitment, we suspect osteocyte apoptosis may function as a cellular signal to trigger osteoclast recruitment to the sublesional Table 1 ). The growth plate is delineated by a white bracket (panels a and b). There are more TUNEL positive chondrocytes in the injured (d, white arrows) compared to uninjured rats (panel c, white arrow) bone. Osteocyte apoptosis has been reported in rodent models of hind-limb unloading [20] and was reported to trigger targeted remodeling of microdamage [21, 22] . Furthermore, osteocyte apoptotic bodies have been shown to have osteoclastogenic activity in vitro [23] .
We report loss of both proliferating and hypertrophic chondrocytes immediately following SCI due to accelerated apoptosis and suppressed proliferation. Chondrocyte apoptosis has been reported following hind-limb unloading and microgravity exposure in rats [24, 25] . Additionally, reduced chondrocyte numbers have been reported in the articular cartilage at the knee in rodents with SCI [26, 27] . Collectively, these findings suggest that mechanical loading is required for chondrogenesis. Chondrocyte differentiation within the growth plate normally proceeds through stages of proliferation, hypertrophy, and apoptosis. Stem cells enter the proliferating zone characterized by rapid cell division and subsequent columnar organization. Cells then stop dividing and begin to hypertrophy. Hypertrophic chondrocytes produce matrix components and the surrounding matrix calcifies as the chondrocytes undergo apoptosis and are replaced by bone [28] . The rate of chondrocyte differentiation is regulated by a locally acting feedback loop involving Indian hedgehog (Ihh) and parathyroid hormone-related protein (PTHrP). Ihh is expressed by chondrocytes transitioning from the proliferative to the hypertrophic zone, and it increases expression of PTHrP within the periarticular perichondrium. PTHrP binds to receptors on late proliferating chondrocytes and inhibits further differentiation [28] . In the current study, we found suppressed Ihh gene expression, suggesting an immediate role for this protein in SCI induced growth plate arrest.
From a clinical standpoint, normal chondrocyte activity has implications for both skeletal growth and fracture healing. Stunting of long bone skeletal growth has been reported in children with neurological impairment due to poliomyelitis [29, 30] as well as spinal cord injury [14, 15] . Delayed fracture union and non-union have also been reported following SCI [10, 11] . In one study, 53% of fractures occurring acutely after SCI that were treated nonoperatively resulted in delayed union, mal-union, or nonunion [9] . Impaired fracture healing has great clinical relevance to the SCI population given the associated medical complications that arise including pressure ulcer formation and amputation [12] .
Under normal circumstances, endochondral and intramembranous ossification contribute to fracture healing. Endochondral ossification occurs at the fracture site where oxygen tension is lowest while intramembranous ossification proceeds in regions where the blood supply has been less disrupted. Vascular disruption at the bone fragments leads to decreased perfusion and hypoxia.
This triggers commitment of mesenchymal stem cells to the chondrocyte lineage with subsequent chondrogenesis that recapitulates the developmental phases of proliferation, hypertrophy, and terminal differentiation seen within the growth plate. It has been shown that the same molecular mechanisms that control skeletal development also control fracture healing [31] . Impaired endochondral bone formation may contribute to fracture delayed union or nonunion post-SCI. Few studies have examined in detail the impact of SCI or other forms of skeletal unloading on long bone fracture healing. Incomplete maturation of woven bone and delayed calcium accumulation were seen in paraplegic rats with tibial fractures stabilized by intramedullary nailing [32] .
Our findings suggest that osteocyte apoptosis precedes osteoclast recruitment to the region and may be a cellular signal stimulating uncoupled remodeling following SCI. We report inhibition of osteoblast differentiation via Runx2 suppression, decreased osteoblast proliferation, and accelerated osteoblast apoptosis in sublesional trabecular bone. Suppressed Ihh gene expression was seen with reduced chondrocyte proliferation and accelerated chondrocyte apoptosis resulting in growth plate arrest. These findings contribute to the understanding of uncoupled bone remodeling and long bone growth arrest that is seen clinically following SCI.
